Abstract. Numerous types of cancer have been shown to be associated with either ischemic or hemorrhagic stroke. In this review, the epidemiology and pathophysiology of stroke in cancer patients is discussed, while providing vital information on the diagnosis and management of patients with cancer and stroke. Cancer may mediate stroke pathophysiology either directly or via coagulation disorders that establish a state of hypercoagulation, as well as via infections. Cancer treatment
options, such as chemotherapy, radiotherapy and surgery have all been shown to aggravate the risk of stroke as well. The clinical manifestation varies greatly depending upon the underlying cause; however, in general, cancer-associated strokes tend to appear as multifocal in neuroimaging. Furthermore, several serum markers have been identified, such as high D-Dimer levels and fibrin degradation products. Managing cancer patients with stroke is a delicate matter. The cancer should not be considered a contraindication in applying thrombolysis and recombinant tissue plasminogen activator (rTPA) administration, since the risk of hemorrhage in cancer patients has not been reported to be higher than that in the general population. Anticoagulation, on the contrary, should be carefully examined. Clinicians should weigh the benefits and risks of anticoagulation treatment for each patient individually; the new oral anticoagulants appear promising; however, low-molecular-weight heparin remains the first choice. On the whole, stroke is a serious and not a rare complication of malignancy. Clinicians should be adequately trained to handle these patients efficiently.
Introduction
Cerebrovascular diseases (CVDs) are common in cancer patients, significantly aggravating their condition and prognosis (1) . Approximately 15% of cancer patients have a concomitant CVD (2, 3) , and the frequency of cerebral infarcts is similar to that of cerebral hemorrhage (3) . Stroke may either follow the initial cancer diagnosis (4) or may precede the diagnosis of cancerous disease (5) . The prevalence of an underlying cancerous disorder is higher in patients with ischemic stroke than in the general population (6, 7) and cancer as a co-morbidity is found in 1 out of 10 hospitalized patients with ischemic stroke in the United States (8) . Patients with cancer have been shown to have higher in-hospital post-stroke mortality rate (1, 9, 10) and patients with ischemic stroke with an active cancer have also been found to be of younger age, with more severe and more frequent cryptogenic strokes (1) .
The connection between stroke and cancer has for long captivated the interest of the medical community. The first large autopsy study was conducted in 1985 by Graus et al, showing that the most frequent complication of the central nervous system (CNS) in cancer patients, following metastasis, was cerebral infarction and hemorrhage. In the same study, 14.6% of cancer patients had pathological evidence of CVD and approximately half of them were symptomatic (11) . More recent studies, such as that among Hodgkin lymphoma 5-year survivors, demonstrated that 7% of patients developed an ischemic stroke in the 17.5-year follow-up period (12) .
The underlying causes for the development of a stroke in cancer patients differ from those of non-cancer patients, and are associated with the cancer itself, as well as with the type of treatment (1, 9, (13) (14) (15) (16) (17) (18) (19) . In general, hypercoagulopathy or other coagulation disorders are most often related to the development of ischemic/embolic stroke (9, 15, 19) . Cardio-embolism, large-vessel atherosclerosis and small-vessel occlusion have been reported as the major causes of ischemic stroke, while non-bacterial thrombotic endocarditis (NBTE) is rarely noted (9, 17) . In the pathogenesis and prognosis of acute ischemic stroke, active cancer (recurrent malignant tumor, metastases, or ongoing chemo-/radiotherapy) plays an active role (1) . In survivors of childhood Hodgkin's disease, who are at an increased risk for stroke, mantle radiation exposure is strongly associated with subsequent stroke and the potential mechanisms may include carotid artery disease or cardiac valvular disease (14) . Nevertheless, brain tumors always remain the main etiology for stroke or other neurological pathologies, while cases where the diagnostic misinterpretation of a brain tumor as a stroke or the diagnostic misinterpretation of an underlying malignancy as an incident of CVD, are not rare (13) .
Stroke in cancer patients may be hemorrhagic or ischemic (16, 20) , while embolisms have been reported to be the most common cause of stroke (9) . In a wide, population-based Swedish study, the risk [expressed as standardized incidence ratio (SIR)] of hemorrhagic and ischemic stroke in the first 6 months following cancer diagnosis was 2.2 and 1.6, respectively. While the overall stroke risk decreased rapidly with time, it remained elevated even after a decade following the cancer diagnosis (16) . In that same study, metastasis was also associated with a greater risk of hemorrhagic and ischemic stroke (SIR=2.2 and SIR=1.5, respectively) (16) . In a similar vein, intracranial hemorrhages (ICHs) have been reported in 20 to 50% of patients with metastatic brain tumors (21) . In cancer patients, cerebral infarctions have been found to be more frequent than hemorrhage (11, 22) , whereas in patients with leukemia, hemorrhages have been found to be much more common than infarcts caused by coagulopathy or CNS infiltration (11, 16, 23) .
The present review focuses on the possible pathophysiological mechanisms and causes of stroke in cancer patients, and aims to identify the most common and specific types of stroke. Moreover, clinical manifestations are discussed, and useful modalities to diagnose the cause of stroke in cancer patients are presented, while providing valuable information on treatment and prevention measures.
Cancer types associated with stroke
To date, several studies have attempted to elucidate which cancer types present a stronger association with the occurrence of stroke. A concise presentation is presented in Table I . In a previous study, among 1,274 patients with stroke admitted to a stroke unit, 12% had an additional diagnosis of cancer, with urogenital, breast and gastrointestinal being the most frequent cancer types (15) . In addition, in patients diagnosed with lung, pancreatic, colorectal, breast and prostate cancers, a higher stroke incidence was reported (24) . The stroke risk also seemed to be associated with the aggressiveness of the cancer; lung, pancreatic and colorectal cancers, which presented the highest stroke risks, are usually diagnosed at a later stage than breast and prostate cancer (24) . The aforementioned cancer types were also identified as the most common among patients diagnosed with cancer post-stroke (7) . Lung/respiratory tract cancer had one of the strongest independent associations with death during a follow-up of patients under 49 years of age with ischemic stroke (25) . Among 820,491 Swedish patients with cancer, cancers of the small intestine, pancreas, lung, nervous system and endocrine glands, and leukemia, presented a >2-fold higher risk of ischemic stroke in the first 6 months post-diagnosis, and this risk remained increased even after a decade after hospitalization in cancer types, such as upper respiratory/digestive tract cancer, salivary gland, colon, rectum, nose, breast, prostate, urinary bladder, skin (squamous cell), nervous system cancers and non-Hodgkin lymphoma. For hemorrhagic stroke, the cancer type pattern changed and a highly elevated risk was reported for cancers of the small intestine, liver, kidneys, nervous system, thyroid gland, endocrine glands, connective tissue, non-Hodgkin lymphoma, myeloma and leukemia (16) . Similarly, patients with melanoma or renal cell carcinoma and brain metastasis were characterized by a 4-fold higher risk of ICH compared to patients with lung cancer with brain metastasis (21, 25) . In general, melanoma, renal cell carcinoma, and choriocarcinoma are the cancer types considered to have a higher tendency for hemorrhaging (26) .
Pathophysiology
Several major pathophysiological mechanisms of stroke exist in cancer patients, which can be directly related to cancer, and are caused by cancer complications, such as coagulation disorders and infections, or by therapeutic and diagnostic interventions (4, 25) . Complications of chemotherapy, radiation therapy (RT) and hematopoietic stem cell transplantation (HSCT) for cancer can occur during the course, or even years after treatment (20) . A short depiction of the various factors pertaining to a cancer-associated stroke is presented in Fig. 1 .
In many cases, the establishment of whether the stroke is caused by the cancer itself and its complications or by the treatment of cancer remains a challenge. In several occasions, a combination of processes operate, and both hemorrhagic and ischemic stroke can simultaneously occur (20) . Consequently, in patients with active malignancy, strokes are more frequently classified as 'of undetermined etiology' or as 'other determined etiology' by TOAST (https://radiopaedia.org/articles/toast-classification-in-acute-ischemic-stroke) classification, whereas in non-malignancy patients, the majority of strokes derives from small vessel occlusion (19, 27, 28) .
Direct tumor effects.
In clinical practice, direct tumor-related stroke is rare and also difficult to identify (4) . Direct tumor effects vary considerably, and include arterial and venous sinus invasion by tumor mass or leptomeningeal infiltrates, tumor emboli, blood vessel compression by tumor growth or tumor bed edema, and intratumoral hemorrhage (ITH) (20, 26) .
Leptomeningeal metastasis, also known as meningeal carcinomatosis or neoplastic meningitis, is most commonly caused by breast cancer, lung cancer and malignant melanoma, when cancer cells spread into the cerebrospinal fluid (CSF) of the subarachnoid space (2). It is estimated to occur in Table I . Association of cancer types with ischemic (Is.S.) and hemorrhagic stroke (H.S. approximately 5% of all cancer patients and is the third most common metastatic complication of the CNS (29) . Multiple lesions and venous sinus occlusion from leptomeningeal carcinomatosis most commonly occur in patients with neuroblastoma, lymphoma and lung cancer (30, 31) . These can lead to cerebral infarctions due to tumor growth in the Virchow-Robin perivascular spaces, leading to vessel thrombosis or spasm and the infiltration of vessel walls (4, 32) . Sinovenous thrombosis (SVT) is most widely reported in pediatric patients. Occlusion in the cerebral venous system obstructs venous outflow, leading to intracranial hypertension, which in turn may lead to cerebral ischemia (33) . Risk factors for its appearance include cancer treatment, otitis media, sinusitis, trauma, dehydration, heart failure or inherited thrombophilia (34) , and the superior sagittal sinus is the one most often affected (31, 35) . In a multicenter retrospective study on patients with acute lymphoblastic leukemia (ALL), the stroke prevalence was low (at 0.47%), but all cases were due to SVT (36) . Similarly, a Nordic multicenter study reported a SVT prevalence of 2% in pediatric patients with ALL (34) .
Intravascula r lymphomatosis (IVL) (or malignant/neoplastic angio-endotheliosis, or Tappeiner syndrome) is a rare lymphoproliferative disorder, a form of extranodal B-cell non-Hodgkin's lymphoma, within the lumen of medium and small vessels (4, 37, 38) . Only few are of T-cell or natural killer (NK)-cell origin (4, 38) . IVL can affect any organ, but most frequently involves the CNS, which also presents the highest rate of postmortem diagnosis and exhibits a poor survival rate, particularly in the elderly, as patients exhibit stroke-like symptoms. However, IVL is rarely included in the differential diagnosis of CNS malignancy (37, 38) . Patients often present with diffuse encephalopathy or multifocal cerebral infarcts (4) .
Arterial embolic infarction, although rare, can be the result of tumor embolization, which can be large enough to induce a transient ischemic attack (TIA) or infarction (23, 39) . Myxoma or other heart and lung tumors can be the source of tumor emboli in the brain (4). In the literature, embolic cerebral infarcts are the most commonly observed events in left atrial myxoma patients; in 10 to 30% of whom, neurologic symptoms have been reported; these can also be the initial and sole manifestations (40) . As case reports have suggested, a tumor embolus may also lead to a cerebral aneurysm via the invasion of the vessel and its subsequent dilatation, which may rupture into the parenchyma or the subarachnoid space (4, 41) .
Cancer is also associated with hemorrhage in each brain compartment, with intraparenchymal hemorrhage (IPH) being the most frequent, followed by subdural (SDH), subarachnoid (SAH) and epidural hemorrhage (EDH), respectively (42) . ITH is the most common cause of ICH in cancer patients (42, 43) . The hemorrhage mechanism is multifactorial and includes the increased creation of dilated, thin-walled, intra-tumoral vessels, the rupture of these newly-formed vessels, the tumor invasion of pre-existent vessels and tumor necrosis (44) .
Of the primary brain tumors, glioblastoma multiforme, being the most common primary brain tumor, with highly invasive cells, is most frequently linked to ICH. Oligodendrogliomas are also predisposed to hemorrhage and even benign tumors, mainly meningiomas, can be the cause of ITH (42) . Solid tumors most commonly associated with ICH are lung, breast, melanoma and renal cell cancers, due to their high population incidence, brain metastases and histological components of neoangiogenesis, necrosis and blood vessel invasion. Thyroid cancer, hepatocellular carcinoma and choriocarcinoma also present an abnormally high tendency towards hemorrhage (42, 44) . Choriocarcinoma has also been associated with the occurrence of neoplastic aneurysms (4). Granulocytic sarcomas, rare tumors that occur primarily in patients with acute myeloid leukaemia (AML) or other myeloproliferative disorders, may also cause ICH (45) . Hematological malignancies, particularly leukemia, are also a frequent cause of ICH, although their mechanism mainly involves disorders in coagulation (42) , analyzed further below.
SDH in cancer patients is usually the result of coagulopathy or trauma, alongside dural metastases (23, 42, 46) . The occurrence of SDH is speculated to be the result of the rupture of vessels within the metastatic tumor, the erosion of adjacent vessels by the tumor, or the rupture of the inner dural vessels due to congestion of the outer vessels (23) . However, only 15-40% of patients with dural metastases have a coexistent SDH (42) . SDH has been most commonly reported in leukemia, prostate, lung and breast cancer and lymphoma (46) . SAH and intraventricular hemorrhage are also usually due to coagulopathy, trauma or ITH, and very rarely from arteriovenous malformations. When aneurysmal SAHs occur in cancer patients, they should be investigated for atypical etiologies, such as mycotic or neoplastic. These aneurysms are fusiform, typically develop in distal middle cerebral artery branches and are commonly tied to atrial myxoma, choriocarcinoma and lung carcinoma (42) . Finally, EDH in association with a skull metastasis is a rare incident (47) .
Hyperleukocytosis, defined as a white blood cell (WBC) count of >100,000 per mm3, has been commonly reported in acute leukemia, causing CNS leukostasis (48, 49) . The accumulation of leukemic blast cells within the capillary vascular lumen can result in ICH (49) and mainly medium-sized vessels are involved (50) . It occurs in approximately 7% of pediatric patients with acute leukemia, worsening its prognosis as it is associated with a higher mortality rate (49) . Finally, in multiple myeloma patients, ischemic stroke can be the result of hyperviscosity syndrome due to elevated protein levels (4).
Coagulopathy. Coagulopathy is one of the main causes of stroke in cancer patients. Coagulation disorders are the most common cause of CVD in cancer patients and involve disseminated intravascular coagulopathy (DIC), NBTE and thrombocytopenia (10, 20) . The first post-mortem characteristics of cerebral intravascular coagulation were described in 1975, in patients with breast cancer, leukemia and lymphoma, in the setting of widespread metastasis and sepsis (51) .
In patients with cancer, the most common cause of cerebrovascular thrombosis (CVT), identified in several clinical series, is a hypercoagulable state that accompanies cancer, resulting in systemic and cerebral arterial or venous thrombosis (19, 52) . In intravascular coagulation, tumor procoagulant activity, host inflammatory responses and extrinsic factors are involved. Tumor cells express the procoagulants, tissue factor (binds to factor VII) and cancer procoagulant, and release inflammatory cytokines and vascular endothelial growth factor, mediators that enhance procoagulant activity and angiogenesis (6, 26, 53) . They also overexpress cytokines that attract leucocytes, possibly triggering an inflammatory response, with prothrombotic effects (16) . Lung and pancreatic cancers are the most common cancer types causing this coagulopathy (24, 52) .
In 2015, an analysis by Karlińska et al stated that stroke patients with an active cancer tend to demonstrate lower hematocrit levels, higher serum C-reactive protein (CRP) levels, and a higher erythrocyte sedimentation rate when compared to cancer-free stroke patients. Since it is known that the aforementioned inflammatory markers are associated with coagulation, these findings indicate that, indeed, in active malignancy, the cancer-specific prothrombotic mechanisms may play an important role in stroke pathophysiology (27) .
Specifically concerning adenocarcinomas, Dearborn et al (2014) reported that they are considered to potentiate thrombi via the production of mucin, a high molecular weight molecule that is glycosylated and secreted normally by endothelial cells. Adenocarcinomas, particularly those of the pancreas, colon, breast, lung, prostate and ovarian system, can secrete this molecule directly into the bloodstream, assisting in the appearance of a viscous and hypercoagulable state. Mucin can also interact with certain cell adhesion molecules on endothelial cells, platelets, and lymphocytes to induce the formation of platelet-rich microthrombi (26) .
A broad small arterial and venous thrombotic vasculopathy can also manifest in cancer patients (13) . It is termed 'cerebral intravascular coagulopathy' when the predominant signs are neurological, and is considered as the CNS equivalent of cancer patients' systemic thrombotic microangiopathy (35) . This condition is not often reported (35) , and it is speculated to be more common than originally estimated, as it can be mistaken with other encephalopathy causes in cancer patients, and its diagnosis can only be confirmed at autopsy (23) . In the first autopsy study by Graus et al in 1985 , it was only reported in 8% out of 500 patients (11) .
Depending on the type, cancer can also be linked to acute or chronic DIC. In DIC, a disruption in the balance between thrombus formation and thrombolysis can either lead to the thrombotic occlusion of vessels, due to the excess activation of the coagulation process, or to diffuse hemorrhage, due to the subsequent depletion of platelets and coagulation factors. Therefore, in cancer patients, it can manifest as thrombotic stroke and intracerebral hemorrhage (4) . A variety of thrombohemorrhagic entities, such as low-grade DIC, are associated with solid tumors, whereas leukemia, myelocytic and lymphocytic, usually present acute DIC, which manifest as marked bleeding (4, 54) . Patients with pancreatic cancer and adenocarcinoma have particularly been reported to be at a very high risk of DIC (55) . Acute promyelocytic leukemia is strongly associated with severe hemorrhage in the setting of DIC and other hemostatic disorders (54) . These bleeding manifestations usually occur in the parenchyma or the subdural compartment, and rarely in the subarachnoid space (4, 56, 57) .
NBTE, also known as marantic endocarditis, is defined as non-infectious, sterile cardiac valvular vegetations with negative blood cultures, and it is most commonly caused by an underlying malignancy (58) . The cancer in this case is more often widespread and cerebral infarction is a late complication; however, in rare instances, NBTE with cerebral infarction is the presenting sign of cancer (59) . In NBTE, sterile platelet-thrombin vegetations develop on cardiac valves (almost exclusively the left heart valves; mitral and aortic) in association with widespread systemic and cerebral thrombosis (60, 61) . It usually presents with systemic and pulmonary embolization, with the most common neurological complication being ischemic stroke (58) .
The exact NBTE prevalence in cancer patients has not been accurately estimated, as tissue diagnosis is often inaccessible and echocardiographic studies are not widely used to screen cancer patients for NBTE (62) . Some original autopsy studies have reported NBTE in 9.3% of cancer patients, and cancer in 59% of patients with NBTE (63, 64) . In a study by Edoute et al (1997) , valvular vegetations consistent with NBTE were found in 19% out of 200 cancer patients (65); Liu and Frishman (2016) , several years later, also reported NBTE in 19% of disseminated adenocarcinomas (61) . Of note, Taccone et al (2008) reported NBTE as the most common cause of stroke in their cancer patients, followed by intravascular coagulation and atherosclerosis (5) . As an entity, NBTE is most commonly reported in adenocarcinomas, particularly mucin-producing carcinomas of the lung or the gastrointestinal tract, lymphoma, and also in carcinomas of the ovarian, the pancreas and biliary system (35, 61, 62) . Adenocarcinomas, as previously mentioned, are considered to potentiate thrombi via the production of mucin (26) .
Thrombocytopenia may be the result of hematological cancers or, most frequently, the result of chemotherapy (54, 57) . Additional causes of significant thrombocytopenia include tumor involvement of bone marrow and spleen, microangiopathic disorders such as DIC, thrombotic thrombopenic purpura (TTP) or hemolytic uremic syndrome (HUS). Lymphoproliferative malignancies can also be associated with secondary immune thrombocytopenia (54) . In a study by Correale et al (1990) on 989 patients with lymphoma, 2% had ICH, in clear association with platelet alterations (66) and in a 2013 study on pediatric cancer patients, all those suffering with ICH had platelet counts of <100,000/mm 3 (67) .
Infections. Infections rank among the first causes of morbidity in cancer patients, particularly in those with hematological malignancies, where autopsy studies have demonstrate that approximately 60% of deaths are infection-related (68) . Cancer patients are frequently immunocompromised, and thus are automatically at risk of infection, relevant to the type of cancer (4, 68, 69) , and the association between stroke and systemic infection has been well established. The organisms most frequently linked to an increased risk of stroke include Helicobacter pylori, Chlamydia pneumoniae, Mycoplasma pneumoniae, Haemophilus influenzae, Epstein-Barr virus, herpes simplex virus (HSV)-1 and HSV-2, and cytomegalovirus (CMV) (70) . The systemic inflammatory response induced by the pathogen can damage the vascular endothelium and predispose patients to ICH (70) . Infectious endocarditis is a predominant cause of stroke, via embolism to the brain. The degradation of the arterial wall by bacteria or septic emboli results in abnormal dilatation or mycotic aneurysms (70) . These aneurysms usually occur at distal branches of the middle cerebral artery and can rupture, leading to ICH (56, 70) . Staphylococcus aureus, β-hemolytic streptococci and Streptococcus viridans are the bacteria which most commonly complicate an infective endocarditis with ICH (70) .
Moving on to more specific mechanisms, HSV-1 meningoenchephalitis can lead to petechial cerebral hemorrhages and ICH in its severe forms. Syphilis causes an obliterative endarteritis, which may in turn lead to ischemic stroke through progressive luminal stenosis. Tuberculosis (TB) can present infarcts in tuberculous meningitis, which accompanies pulmonary TB in 1% of the patients (70) . In cancer patients, opportunistic infections with pathogens, such as the JC40 virus can cause a progressive multifocal leukoencephalopathy, which maybe be mistakenly characterized as a cerebrovascular lesion (4) .
Fungal infections are the second most common in cancer patients, following bacterial ones (68) . Fungal meningitis can be caused by yeasts (such as Cryptococcus spp. and Candida spp.) and moulds (such as Aspergillus spp.) (70) . Yeasts can cause stroke, ischemic or hemorrhagic, via a vasculopathy of the large vessels traversing the subarachnoid space, venous outflow obstruction, endarteritis and the formation of abscesses linked to hemorrhage. They do not usually invade cerebral vessels; moulds on the contrary, produce enzymes that allow vessel-wall invasion, causing mycotic arteritis or aneurysms (70) . The hematogenous spread of septic emboli to the brain can trigger an ischemic or hemorrhagic stroke, with or without the presence of arteritis and aneurysms (20, 70) . Cerebral Aspergillus infections are mostly secondary to lung infection, whereas Candida ones usually originate from the gastrointestinal or genitourinary tract (4). Fungal septic emboli can also occur in leukemic patients who have undergone bone marrow transplantation (23) .
Viral infections are not a rare instance either, in cancer patients, and are usually the result of reactivation of a latent disease, primarily in hematological malignancies. Parasitic and unusual infections should also be considered in patients with a history of exposure (68) .
Susceptibility to infections in cancer patients is due to host-associated and treatment-related factors (68, 69) . The former include underlying immune deficiencies, comorbidities, ulcerating lesions in mucosal surfaces, past infections, poor nutritional status, catatonic state and psychological stress, while the latter consist of surgery and invasive procedures, radiation, immunosuppressant regimens and antimicrobial use (68, 69) . However, the identification of a sole immunodeficiency factor in cancer patients is utopic in common clinical practice, as multiple deficiencies usually co-exist (68) .
Hematological malignancies heavily burden patients in terms of immunodeficiency. Patients with acute leukemia and lymphoma manifest neutropenia, due to the disease itself or the cytotoxic chemotherapy, and present different types of infections (68) . Typically, Gram-negative bacilli, such as Escherichia coli, Klebsiella spp. and Pseudomonas aeruginosa, are the causes of the earliest infections. However, an increase in infections caused by Gram-positive aerobic bacteria, mainly staphylococci and streptococci, has recently been reported (68, 69) . Fungal and viral infections occur later in the course of neutropenia (68) , and patients with neutropenia are particularly prone to developing bloodstream infections (BSIs), particularly following bone marrow transplantation (69) . On the other hand, chronic lymphocytic leukemia (CLL) usually leads to deficits in humoral immunity, while additional defects in cell-mediated immunity, complement activity, and neutrophil and other phagocytic cell activity manifest following the treatment. Hypogammaglobulinemia predisposes patients to infections by Streptococcus pneumoniae, Haemophilus influenzae, Neisseria meningitidis and Escherichia coli, whereas treatment modalities, such as alkylating agents predispose to streptococcal, staphylococcal, and enteric Gram-negative bacterial infections. Additionally, purine analogs or alemtuzumab treatments predispose to opportunistic infections with Listeria spp., Mycobacterium tuberculosis, Nocardia spp., Candida spp., Aspergillus spp., Pneumocystis jiroveci and herpesviruses. Finally, multiple myeloma increases the susceptibility to infections with encapsulated bacteria such as Streptococcus pneumoniae, Haemophilus influenzae and Neisseria meningitidis (68) .
Solid organ tumors do not lead to the same degree of immunodeficiency as hematological malignancies, mainly as chemotherapy in these cases does not cause long-term or profound neutropenia; a few exceptions exist, such as metastatic breast carcinoma, prostate, lung, adrenal, thyroid and kidney cancers, that tend to infiltrate the bone marrow and actually cause neutropenia in advanced stages (68) . Any tumor that disrupts anatomical barriers can give way to infections, and specifically skin cancers are usually associated with staphylococci and streptococci, oral cavity and nasopharynx with anaerobic bacteria, streptococci and Haemophilus influenzae, gastrointestinal tract with enterobacteriaceae and fungi, and the female genital tract with Enterobacteriaceae, anaerobic Gram-negative bacteria, Enterococci and Clostridium spp. (68) . In a study using predominantly solid-organ-cancer patients to examine the microorganisms that cause BSIs, Escherichia coli was the most common Gram-negative bacterium cultivated in the cancer patient group. Cancer patients also presented twice as many BSIs by Enterococcus faecalis, Enterococcus faecium, Pseudomonas aeruginosa and Enterobacter cloacae. Doubled was also the percentage of positive yeast blood cultures from cancer patients compared with non-cancer patients (69) .
Chemotherapy. Chemotherapy has often been blamed as the cause of cerebral arterial or venous thrombosis, although this can occur in the setting of advanced malignancy as well (56) . Chemotherapy can lead to stroke via endothelial toxicity and abnormalities in coagulation and hemostasis factors (71) . It can also trigger the manifestation of a stroke by transferring susceptibility via immunosuppression and the increase in opportunistic infections (68) . In general, the risk of a chemotherapy-induced stroke is rather low and the risk is higher for some specific regimens, such as methotrexate (MTX), 5-fluorouracil, cisplatin and L-asparaginase (4,71). However, even neoadjuvant chemotherapy (NC) has been linked to an increased risk of stroke; Abt et al (2014) reported that NC was linked to a higher risk of short-term stroke and mortality in patients undergoing brain tumor resection (72) .
L-asparaginase has one of the best known associations with thrombosis and stroke (56, 71, 73) . It is typically used in combination regimens for breast cancer and in the induction therapy of ALL (4, 56) . It has repeatedly been associated with CVT in children treated for leukemia (4, 26) , as asparaginase and steroids are deemed strong prothrombotic agents (34) . The cerebrovascular effects can manifest as cerebral thrombosis or hemorrhage, and the patients that receive such treatments should be closely monitored and the treatment should be interrupted in the case of a cerebrovascular event (CVE) (4) .
All agents with anti-estrogenic effects may increase the risk of CVD (74, 75) . More specifically, raloxifene, a selective estrogen receptor modulator, has been linked to a higher incidence of stroke and thromboembolic events (76).
For tamoxifen, historically the standard endocrine therapy for breast cancer, the reported findings vary among studies. It was the only factor associated with an increased risk of stroke in 4,414 10-year survivors of early breast cancer (77) and was associated with a significantly increased risk of venous thromboembolic events, pulmonary embolism and stroke, as reviewed by Esteva and Hortobagyi (74) . In other analyses however, tamoxifen alone was not associated with an increased risk of CVD (78), but only when combined with hypertension (79) . Using data from the Swedish National Hospital Discharge Registry and the Swedish Cause of Death Registry, the incidence of CVD was increased during the active treatment phase and decreased in the post-treatment period (80) . Contrary to the above, a Taiwanese study including 3,690 breast-cancer women revealed a significant reduction in cardiovascular events, including hemorrhagic and ischemic stroke (81) . Hence, the literature data on tamoxifen have yielded conflicting results (4).
In three large-scale studies, patients with prostate cancer treated with endocrine hormonal therapy [androgen deprivation therapy (ADT)] were found to be at an increased risk of stroke (75, 82, 83) . In a smaller prospective study from Taiwan, no significant difference was found in the risk of stroke between ethnic Chinese patients with prostate cancer who did or did not receive ADT, after adjusting for potential confounders (84) . A review of the literature by Meng et al (2016) concluded that ADT does indeed present an increased risk of stroke. Significance was reached when ADT monotherapy was examined after removing prostatectomy and radiotherapy patients, and in gonadotropin-releasing hormone (GnRH), GnRH plus oral antiandrogen and orchiectomy treatments (85) .
Platinum compounds, clinically, seem to present the highest risk of stroke (4). Cisplatin has repeatedly been reported to be associated with CVEs (4, 71, 86) . However, the mechanisms involved remain largely unknown. Circulating endothelial-and platelet-derived particles can contribute to cisplatin-induced stroke (4). Kuan et al (2014) reported an elevated relative risk (RR) of stroke in patients with ovarian cancer that were treated with cisplatin-based or carboplatin-based chemotherapy agents, as opposed to non-platinum-based regimens (87) .
Stroke-like events and stroke have been reported in MTX treatment (4, 88) . In pediatric patients, they have been linked with acute treatment, but not with subsequent administration (88) . However, long-term survivors from pediatric cancer groups were found to be 40-fold more prone to developing stroke than their sibling controls (4).
Brain hemorrhages can also manifest in the setting of chemotherapy treatment. The chemotherapy of AML with a monoblastic component has been associated with a high incidence of SDH (89); an associated hemorrhagic vasculitis or cerebritis has occasionally been reported as well (56) and hemolysis from chemotherapy administration is a rare cause of brain hemorrhage (23) . Chemotherapy, particularly the myeloablative treatment of hematological malignancies, remains the most common cause of thrombocytopenia in cancer patients. However, several non-myeloablative chemotherapeutic agents have also been connected to its appearance, even though most of the classic chemotherapeutic treatment plans in cancers, such as of the colon, lung, breast and prostate, have a low incidence of National Cancer Institute (NCI)
9 /l) and 4 (<25x10 9 /l) thrombocytopenia. Moreover, thrombocytopenia development has also been related to newer therapeutic agents. When examining patients treated with sunitinib, a multi-targeted tyrosine kinase FDA approved for the treatment of renal cell carcinoma, pancreatic neuroendocrine tumors and gastrointestinal stromal tumors, 7.6% of them presented high-grade (NCI Grade 3 or 4) thrombocytopenia (54) .
Finally, a recent study based on a large malignancy cohort of cancer patients, demonstrated that symptomatic therapy in cancer patients may be related to stroke as well; intense morphine treatment is associated with an increased stroke incidence in cancer patients, and the association is particularly significant for prostate cancer patients (90) .
Radiation therapy. RT has been shown to be an independent risk factor for cardiovascular disease and CVD in cancer patients (91) (92) (93) . Post-radiation vasculopathy occurs in intracranial and extracranial vessels, with medium and large-sized vessels being most frequently affected (4). The subsequent stenosis or occlusion is typically more extensive within the radiation portal, than the atherosclerosis which develops in its absence as well (56) .
Radiation to the neck has been related to subsequent vascular wall thickening, atherosclerotic plaque formation and vascular damage (26, 91, 94) . Studies have also confirmed that RT predisposes to the formation of inflammatory plaques, which are more likely to rupture and cause a stroke, or a heart attack (91) . Patients that have received RT to the head and neck area have also been shown to have significant internal carotid artery/common carotid artery stenosis (95) , and notably, patients can develop a radiological image that closely resembles Moyamoya syndrome; stenosis of the carotid vessel with abnormal netlike vessels and transdural anastomosis distal to the stenosis (26) . The frequency of secondary-to-RT internal carotid stenosis ranges from 12 to 60%, depending on the study (4) . Thus, several studies using different methods and patients with varied disease processes have reported an increased risk of CVEs following RT for head and neck cancers or lymphoma (12, 92, 94, 96, 97) . The first large study was conducted in 1981 and demonstrated a post-cervical-RT stroke incidence of 6.3% (96) . Subsequent studies further reported a 15-year cumulative stroke risk of 12% following RT, and RT to the neck and mediastinum to be an independent risk factor for CVD (12, 97) . Scott et al (2009) reported a crude stroke risk of 2.6% following neck RT, compared to 0.29% of non-RT patients (94), whereas Smith et al (2008) associated an excess CVD risk to definitive RT for head and neck cancers, but not to post-operative RT in older patients (98) . Concerning the effects of RT on operated patients, a 2014 study compared patients with lung cancer, and found a higher stroke incidence (almost double) compared to post-operative RT and with surgery alone and a lower two-year-stroke-free survival rate (99) . However, finally, radiation fields that included the carotid artery did not seem to increase the risk of stroke in breast cancer survivors in three large-scale studies (6, 79, 100) .
Pediatric cancer patients are not excluded from this side-effect; their cerebral vessels can also be the subject of stenosis or occlusion following RT. Morris et al (2009) described the manifestations of RT-induced CVD in pediatric patients having received RT to the brain and/or the neck, and they include steno-occlusive disease, aneurysm, mineralizing microangiopathy, vascular malformations and stroke-like migraines (101) . A 2005 study found a RR for late-occurring stroke in patients who received mantle RT of 5.62 (14) . confirmed that cranial irradiation placed childhood cancer survivors at a risk of both, first and recurrent, and stroke (102) . Finally, a large cohort study revealed that the risk of stroke in childhood cancer survivors was associated with cranial RT in a dose-dependent manner (103) .
Cancer supportive therapies: HSCT and hematopoietic growth factors (HGFs). HSCT and HGFs are increasingly used in cancer care in support of standard anticancer therapies in order to limit bone marrow toxicity due to chemotherapeutic agents and to ameliorate the quality of life of patients, reducing asthenia, thrombocytopenia and neutropenia. Both HSCT and HGFs are considered cancer-supporting therapies; however, there are still concerns about the safety of these treatments, particularly regarding peripheral and cerebral cardiovascular complications (20) . To date, several mechanisms have been described for HSCT-related hemorrhagic stroke, including graft-versus-host disease (GVHD) (only for allogenic transplantation), alterations in coagulation profiles and infections (35, 104, 105) . Syed et al, in 2016 (105) , reported that cerebral IPH occurred after a median time of 122 days after HSCT in 1.1 to 2.4% of the patients with a higher mortality rate compared to subarachnoid hemorrhage or subdural hematoma (105, 106) . Furthermore, another cerebrovascular complication related to HSCT is that of vasculitis, which rarely occurs due to chronic GVHD, leading to cerebral infarction, hemorrhage, or leukoencephalopathy (106) (107) (108) .
Cerebrovascular complications following HSCT are potentially fatal events. Generally, cerebrovascular hemorrhagic events are related to recalcitrance to platelet transfusions, to arterial hypertensions, low fibrinogen serum levels and, as previously described, to high-grade GVHD (109) . Usually, the onset of cerebrovascular complications is characterized by worsening sensorium and headache without lateralizing signs. However, in some cases, the onset of CVDs is asymptomatic, making a firm diagnosis difficult (110) . The diagnosis of stroke and other CVDs is often performed by a computer-assisted tomography (CT) scan, as this technique allows for the highlighting of the hemorrhagic regions as hyper-intense areas assisting the diagnosis of intracranial bleeding. The CT scan is preferred as this reveals possible lesions at least 12 h earlier than what can be done with magnetic resonance imaging (MRI), which is therefore not widely used. However, sometimes patients are asymptomatic with negative CT scans in 20-25% of patients (109, 111, 112) .
Overall, conflicting data have been generated as regards the frequency of CVDs and hemorrhagic stroke following HSCT. Katz and Segal (2005) reported a hemorrhagic stroke rate of >32% established following the autopsy examination of patients who died as a result of HSCT (20) . Liu et al (2017) recently presented the results of an observational study conducted on 459 adult patients undergoing allogeneic HSCT at an Asian tertiary medical center between January, 2003 and December, 2015. Those authors reported that the percentage of both ischemic and hemorrhagic stroke occurred only in 5.2% of HSCT-treated patients (24 out of 459) (113) . Zhang et al (2016) studied the risk of ICH in a cohort of 2,169 patients treated with HSCT for both malignant and non-malignant hematopoietic disorders. These investigators reported that only 1.5% of these patients (32 patients) developed an ICH complication in a median onset time of 147.5 days (114) . These data underline that the risk assessment of HSCT-related stroke is not yet completely defined, probably due to different pathological manifestations that characterize CVDs, among which the most common are IPH, SDH, SAH and multiple hemorrhage lesions in the brain parenchyma. Hence, there is a need for a better understanding of the prodromal symptoms of ICH after HSCT in cancer patients with hematological and non-hematological malignancies.
As described above, numerous studies have associated the onset of stroke with the use of hematopoietic stem cells for the treatment of oncohematological diseases, while regarding the existing association between stroke and colony-stimulating factors, current data is still limited and conflicting.
Over the past decades, patients diagnosed with cancer have begun to be treated with HGFs, which consist of colony-stimulating factors (CSFs) and erythropoiesis-stimulating agents (ESAs). Both CSFs and ESAs are commonly used to prevent infection and neutropenia in patients receiving chemotherapy and for the treatment of asthenia by stimulating the growth of red blood cells, respectively (115) (116) (117) . The use of CSFs and ESAs results in better cancer patient adherence to chemotherapy without a reduction in dose administration, thus improving the clinical outcomes of the therapy (118, 119) .
The use of CSFs and ESAs has definitely improved the effectiveness of chemotherapy treatments, although several observational and randomized studies have indicated that these HGFs had some short-and long-term side effects in several cancer pathologies (120, 121) . Among these side-effects are venous thromboembolism (VTE), stroke, ischemic heart disease and AML or myelodysplastic syndrome (MDS) in patients with various types of cancer, including breast cancer (120) (121) (122) .
Several studies have assessed the risk of AML or MDS following the administration of CSFs and ESAs in cancer patients. However, there are still doubts concerning the safety of these treatments and their potential increased risk of developing vascular and cardiovascular diseases (e.g., stroke and VTE) (123, 124) . In particular, the use of CSFs and ESAs has been related to the development of blood clots and vascular dysfunctions, including stroke (125) . For these reasons, in 2007, the Food and Drug Administration (FDA) stated that the use of HGFs can be dangerous and therefore, the safety of these compounds still needs to be verified (126) . Du and Zhang (2015) and Du et al (2016) evaluated the association between the use of CSFs and ESAs and the increased risk of VTE, stroke, ischemic heart disease and AML/MDS onset in patients with breast and colorectal cancers (120, 121) . These authors demonstrated that patients with colorectal cancer treated with chemotherapy combined with CSFs and ESAs had an increased risk of MDS, VTE and to a lesser extent, an increased risk of ischemic heart disease (120) . With regards to breast cancer patients, the retrospective cohort study by Du et al demonstrated that the combination of chemotherapy, CSFs and ESAs was associated with a 2-fold increased risk of developing VTE (2.01 hazard ratio) and AML/MDS (4.55 hazard ratio) and a weak increased risk of ischemic heart disease (1.08 hazard ratio), while the use of both CSFs and ESAs was not associated with an increased risk of stroke (121) . These two studies demonstrated that the use of HGFs was not associated with the risk of stroke in cancer patients. Other studies have also tried to define the risk associated with stroke following the administration of CSFs and ESAs; however, studies are limited in this regard with inconsistent data, preventing the proper estimation of the real risk of stroke events following the administration of HGFs as supportive therapies in cancer patients (127) (128) (129) (130) .
Finally, a growing body of evidence has indicated how the use of granulocyte colony-stimulating factor (G-CSF) and granulocyte macrophage colony-stimulating factor (GM-CSF) may induce the recovery of a stroke-related cerebral damage via neuroprotective and neurorepairing mechanisms involving the activation of bone marrow-derived CD34(+) stem cells and the reduction of the lesion volume (131) (132) (133) . In particular, the administration of G-CSF appears to be safe and well tolerated by patients, although further studies are required to verify the efficacy and tolerability of these factors for the treatment of stroke.
Invasive procedures. Cancer patients are subjected to a wide variety of aggressive treatments and tests, including invasive procedures, many of which can induce stroke. Cancer can heavily impact the surgical outcome as well. As Jacob and Kostev (2016) have previously suggested, cancer has a negative effect on the occurrence of intraoperative and post-procedural complications, with colorectal and breast cancers presenting the strongest association (134) . Specifically, lumbar puncture, intrathecal chemotherapy and craniotomy have been linked to an increased risk of SDH (42, 46) . In surgery, the risk of an embolic stroke is generally elevated, as it may promote the release of emboli. Pulmonary interventions in particular, such as bronchoscopic biopsies and lung surgery, have presented stroke peri-and post-operatively (4).
In a study carried out on patients with glioma with ischemic stroke, Kamiya-Matsuoka et al (2015) (135) , reported that 53% of the patients had post-operative stroke and 33% had a CVE after 2 weeks of surgery; the episodes were, therefore, quite frequent in the post-operative period. The majority of the stroke cases were close to the resection cavity, possibly suggesting iatrogenic causes. However, surgery in general remains a main stroke risk factor in these patients. Further adding to the aforementioned data, the events were frequent, particularly in patients treated with prior chemotherapy and radiation (135).
From stroke to cancer
Despite a plethora of evidence in the literature linking the occurrence of stroke to malignancy, the retrograde association between cancer and stroke has yet to be proven. It remains to be determined as to whether stroke causes cancer or whether it is likely an early manifestation of cancer (136, 137) . A 2017 survey of Taiwanese patients found out that although patients with stroke presented a lower risk of developing any type of cancer compared to the controls, patients with brain cancer presented a higher risk (adjusted RR of 3.09). In the same survey, 40-60 years old females had a higher risk of developing brain cancer, while overall, the mean time for developing any type of cancer, including brain cancer, was significantly shorter in the stroke group. The researchers also reported that upon examining their own cases of malignant gliomas, only the ones with stroke previous to cancer were strongly histologically stained for HIF-1α, a key hypoxic regulator, possibly signifying the connection between stroke and the malignancy (136) .
Similarly, but possibly showing somewhat conflicting results by gender stratification, a study on menopausal women found an overall lower incidence of cancer in women with a history of stroke compared to women without stroke and adjusted for covariate factors (137) . However, it is speculated that the observed lower incidence of cancer in women that suffered a stroke and survived long enough to develop a cancer, could have been associated with lifestyle changes occurring following the survival of the stroke (137).
Clinical presentation and diagnosis
As stroke greatly affects the prognosis of a cancer patient, its early discovery remains critical. The interval time from cancer diagnosis to stroke manifestation varies considerably and depends on the cancer type as well; solid tumors usually take longer periods of time than hematological malignancies (31) . When a stroke occurs in a cancer patient, the clinician can/must pinpoint its cause by carefully examining the clinical setting, taking into consideration the cancer type and its treatment (11) . However, caution is advised, as an increase in brain tumors has been noted within the first year after stroke, insinuating that brain tumors can be misinterpreted as strokes (13) . The original autopsy study by Graus et al (1985) described the main clinical presentation of CVD in cancer patients to resemble that of a diffuse encephalopathy more than the typical image of acute onset with a focal deficit (11) .
ICH commonly presents with focal neurological deficits, headaches and encephalopathy; the presentation in cancer patients largely follows the general population. Other common symptoms include hemiparesis, nausea or vomiting, seizure and maybe even coma. Occasionally, symptoms may be gradual and non-specific, largely characterized by confusion and lethargy, particularly in SDH (42) . Primary or metastatic hemorrhage in the brain or dura may also produce the initial clinical signs of a brain tumor or a change in chronic signs induced by the tumor (56) . In gliomas, hemorrhages appear within the tumor, while in the majority of metastatic brain tumors, they are located around the tumor borders (44) . The initial diagnostic evaluation of these hemorrhages does not differentiate from the standard guidelines (42) . In the case of a suspected ICH, patients should first be evaluated with a non-contrast head CT and if there are no contraindications, post-contrast sequences and CT angiography can further assist in locating an underlying tumor or vascular malformations (42) .
Cerebral metastasis can occasionally be the initial cancer manifestation and patients may develop intracerebral hemorrhage with a stroke-like image (138) . Brain metastases can present with a wide variety of neurological symptoms, with the most common ones being headaches, an impaired mental status and focal weakness, with usually a hemiparetic pattern. Sensory loss and gait deficits typically involve one side of the body, as the tumor affects its respective hemisphere (29) . Metastatic brain tumors can be confirmed by a CT scan or MRI, where they typically appear rounded, well-circumscribed, non-infiltrative, with an excessive amount of edema and almost always enhanced by contrast mediums. In some cases, a biopsy is needed to reach a firm diagnosis (29) .
Leptomeningeal metastases should be considered in cancer patients with signs and symptoms involving more than one anatomic site within the nervous system. The spine is affected in the majority of leptomeningeal carcinomatosis patients; the most common manifestations include neck or back pain, asymmetric reflexes, extremity weakness (usually affects both legs), pain, spinal tenderness and cranial nerve palsies, that appear in more than half of the patients (29) . Rarely, as case reports have suggested, it can present with signs of meningitis and focal cerebral infarction (32) . The staging of leptomeningeal metastasis includes contrast-enhanced brain and spine MRI, along with a radionuclide CSF flow study (29) . Leptomeningeal dissemination has also been shown, in a case report, to resemble cerebral vasculopathy (30) .
Cerebral venous occlusion often presents with headaches in cancer patients (31, 51) . In children, symptoms and signs are age-related, as seizures and an altered mental status are the most frequent manifestations in newborns, as opposed to headaches, vomiting, lethargy and sixth cranial nerve palsy in children and adolescents. The findings of a physical examination may only include the altered mental status, or even signs of intracranial hypertension, such as papilledema (33) . Tumor-related CVT usually develops gradually and can also produce signs of elevated intracranial pressure (ICP) (56) . Combining the results of two studies on patients with pediatric ALL and SVT (2005 and 2015) , the most common manifestations are diffuse neurological signs, seizures, headache, fatigue, cerebral nerve palsies and hemiparesis (34, 36) . CT, MRI and the respective venographies can be used to diagnose venous occlusion (31, 34) . The 'empty delta' sign in a CT scan represents a lack of enhancement in the thrombosed sinus and is considered characteristic (4, 30) . Simultaneously, a tumor or associated occurrences such as infarction, hemorrhage and infiltrates can also be detected (20, 30) .
Intravascular lymphomatosis (IVL) can also occur with stroke-like symptoms (38) and in general, the signs and symptoms are related to the involved organs (139) . MRI has limited use in its diagnosis, as it does not present enhancement and the majority of diagnoses are still made post-mortem; an unfortunate realisation, since IVL is sensitive to chemotherapy when diagnosed (38) . Specifically, it is accompanied by many false negative results as it typically arises without tumor masses or lymphadenopathy (139) . Patients usually display a pathological hemogram, with anemia in more than half of the patients, and increased lactate dehydrogenase (LDH) and β2-microglobulin levels in the vast majority. Organ-specific symptoms require specific laboratory or imaging exams, and eventually biopic assessment (139) .
The course of intravascular coagulopathy is progressive and can result in coma and death (51) . These progressive and extensive vessel occlusions can lead to diffuse microinfarctions and encephalopathy, with superimposed transient focal signs, such as partial focal seizures (23) . In leukemia and lymphoma, the coagulopathy is typically that of acute DIC and can lead to systemic and brain hemorrhages (4, 54) , mostly located in the brain parenchyma or the subdural compartment (4). Laboratory results should be interpreted with caution; evidence of coagulopathy is challenging to distinguish. The main points of interest are the peripheral smear, low platelet counts, affected coagulation function tests, high D-dimer levels, low fibrinogen levels and increased partial thromboplastin time, which, alongside prothrombin, may at times only be slightly altered or even appear within normal range (4, 140) . Finally, limb venous duplex scans, echocardiograms and pulmonary ventilation perfusion scans are also useful modalities in the investigation of systemic coagulopathy (60) .
NBTE is usually silent until severe complications occur, such as embolization; the incidence of cerebral ischemia is significantly higher than in infective endocarditis (61) . The valvular lesions can lead to new-onset cardiac murmurs, arrhythmias and heart failure, with dyspnea, orthopnea and peripheral edemas (61) . NBTE-induced stroke usually presents with focal or multifocal symptoms (23) and aphasia is considered to be the commonest neurological feature (59) . The widespread infarctions may cause confusion and lethargy, and the encephalopathy may also fluctuate (23, 141) .
The diagnosis of NBTE requires, first and foremost, the exclusion of infection (61) . Transthoracic or transesophageal echocardiography can serve as the initial imaging processes for the assessment of the valvular lesions, which are usually rounded, sessile, heterogeneous in shape, and >3 mm in size, and are located mainly on the mitral and aortic valves (60, 61, 142 ). An MRI typically shows numerous infarctions of varying size in several territories (61, 143) and a CT scan/MRI is also useful in detecting neurovascular embolization (61) . Angiography can also detect the occlusions with sensitivity, which are commonly located in the middle cerebral artery (59), and diffusion-weighted MRI can also assist in characterizing the stroke patterns (61) . Ultimately, the most definite diagnosis can only occur postmortem (61) .
Concerning infections, septic emboli may result in focal cerebral signs, seizures or encephalopathy and distinct manifestations depending on the microorganism (56,68) . In order to diagnose fungal infections in particular, a high index of clinical suspicion is crucial, since the isolation of the microorganism is difficult (56, 144) . The diagnosis may require cultures and histopathology of tissue samples, fungal antigen assays or molecular tests for fungal DNA (144) .
Leukostasis as a result of hyperleukocytosis usually affects the lungs and the CNS (145) . In the CNS, it is dynamic and reversible, fluctuating according to the leukocyte count (50) . The CNS symptoms range from nausea, tinnitus, visual impairment, ataxia, psychiatric manifestations such as agitation or delirium, to mental status disorders, with somnolence, stupor and even coma. The respiratory involvement varies and can lead to acute respiratory failure. Often, fever, leg or intestinal pain and priapism can occur (145) . There is a lack of objective and definitive diagnostic criteria for leukostasis. The absolute number of WBC alone is not a criterion; it must be interpreted in the context of the underlying malignancy. Chest X-rays or CT are not of much help; they correlate poorly to the clinical status. Cranial CT should be performed when CNS symptoms arise to exclude hemorrhage and evaluated alongside echocardiography, as this condition also heavily affects the right ventricle function (145).
Detection of a cancer-associated stroke
A concise presentation of the elements that hint towards the presence of a cancer-associated stroke is shown in Fig. 2 . D-Dimers have gained significant ground in publications over the detection of a cancer-related stroke. In a 2014 study, patients with active cancer and ischemic stroke tended to demonstrate higher CRP and D-dimers, more frequent cryptogenic strokes and patterns of multiple lesions, and among those patients, higher CRP and D-dimer levels were associated with a cryptogenic mechanism and multiple lesion patterns (17) . In agreement with that study, Xie et al analyzed data from patients with lung cancer and came to the conclusion that high D-Dimers, alongside CA125 and CA199, were independent risk factors for lung-cancer-associated stroke (146) . In a different study, lung cancer was also associated with high CRP levels (7) . High CRP and high fibrinogen have also been found in patients with occult malignancy that presented with a stroke. More specifically, Cocho et al (2015) reported that levels of CRP >20 mg/l had a sensitivity of 75% and a specificity of 96%, whereas fibrinogen levels >600 mg/dl had a sensitivity of 67% and a specificity of 91% for occult malignancy presenting with a stroke. Therefore, it was suggested that screening be carried out in cancer patients exhibiting elevated levels of these two markers, particularly when the etiology of the stroke is unknown (28) . Karlińska et al (2015) also noted that patients with stroke with an active cancer tended to present lower hematocrit levels, higher serum CRP levels, and a higher erythrocyte sedimentation rate when compared to cancer-free stroke patients (27) . Several other studies have also reported elevated D-Dimers levels in cancer patients (7, 19, 146, 147) . Taking into consideration the significance D-Dimers seem to have in the diagnosis of cancer-related stroke, Guo et al (2014) used D-Dimers of ≥0.55 mg/l, and multiple territory infarctions, as criteria for the development of a clinically meaningful test for cancer-associated stroke. The specificity and positive predictive value (PPV) for cancer-related stroke were 99.7 and 92.9%, respectively. When the cut-off D-Dimers value was set at ≥5.5 mg/l, the test had a high specificity and PPV regardless of the imaging results (148) .
Nonetheless, the question of when a stroke patient should be screened for cancer remains. Selvik et al (2015) claimed that routine investigation for cancer was not justified in acute ischemic stroke (7) . However, a number of studies have corroborate that systemic cancer workup should be considered in patients in whom stroke origin is unclear, who have an early vascular recurrence, predisposing factors for cancer, such as smoking, high D-Dimers, fibrinogen and CRP levels (7, 28, 146) . Xie et al suggested that patients with cryptogenic stroke and high plasma levels of CA125 and CA199 should also be investigated to rule out lung cancer (146) . Regardless, stroke as the first manifestation of an underlying malignancy is mostly secondary to specific cancer-related causes (5) . In a recent publication, Selvik et al (2018) developed a predictive score for clinical use, in order to uncover an underlying malignancy. The score consists of three elements, and when a patient fulfills one, it counts as one point. Specifically, D-dimers ≥3 mg/l, Hb ≤12.0 g/dl and an active smoking or history of smoking give one point each. When a patient fulfills all 3 score points, the probability of active cancer is 53%, and the overall test gave an area under the curve (AUC) of 73% for patients younger than 75 years of age (149) .
As regards neuroimaging findings, cancer patients with stroke mostly have multiple lesions in multiple vascular territories (1, 61, 150) , a finding that has been used in developing clinical tests, as previously mentioned. Summarizing, neuroimaging studies, measurement of coagulation function, and echocardiography are the most useful modalities to identify the stroke (23, 31) . In general, cancer-associated ischemic stroke is widely associated with lesions in multiple vascular territories (1, 61, 150) , elevated D-dimers and fibrin degradation products (7, 17, 19, 27, 146, 147, 149, 150) , cancer markers (146) and proinflammatory components such as low hematocrit and high CRP levels (7, 27, 28, 149) . It is up to the experience of the doctor to assess the patient using the aforementioned tools, when a high level of clinical suspicion is present; consequently, vigilance is essential. Several methods are currently being investigated to help the clinician to diagnose such a case, and they may be applied to every-day clinical practice in the near future.
Management
The clinical management and care of cancer patients with stroke differs from that of patients with stroke alone (3). The stroke extent depends on the activity and the severity of the cancer (17) , and cancer patients have an inferior neurological condition at discharge and a tendency towards a longer stay in the stroke unit (15) . The survival rate of patients hospitalized with cerebral infarction is worse in cancer patients than in those without cancer, and the outcome is poorer, and associated with both the severity of neurological disability and the tumor stage (1, 10, 25, 73) . CVD in cancer patients is often aggressive, with a tendency to provoke recurrent events and rapid neurological devastation (62) . Thus, adequate therapy in cancer patients with stroke may ameliorate the symptoms or prevent further episodes (56, 151) . The management of specific occurrences in cancer patients is presented in Table II .
Acute stroke in patients with cancer can be treated with recombinant tissue plasminogen activator (rTPA), and the active cancer should not be seen as an absolute contraindication to rTPA use (27, 151, 152) . Clinical experience and small-scale trials, such as the one published by Cappellari et al (2013) have revealed that intravenous thrombolysis is not associated with a higher risk of hemorrhage in cancer patients, but rather improves the neurological state of such patients (151) . The same findings were reported in an analysis by Sobolewski et al (2015) on intravenous thrombolysis, showing no impact of neoplastic disease on unfavorable outcomes (153) . Murthy et al (2013) reported that of the 32,576 stroke cases treated with thrombolysis, the cancer-associated stroke cases had significantly higher comorbidity indices, although there was no difference in the rates of home discharge and in-hospital mortality, after adjusting for confounders. Additionally, subgroup analysis revealed that compared with liquid cancers, patients with solid tumors had lower home discharge rates and higher in-hospital mortality. Metastatic cancers had the poorest outcomes, but the intracerebral hemorrhage rates were similar, implying that even in patients with metastatic cancer, thrombolysis remains the main therapeutic option (77) . Thrombolysis is also considered safe for patients with primary brain tumors. Analysis did show that malignant brain tumors were tied to higher in-hospital mortality rate, lower home discharge and an overall increased risk of ICH, particularly when they had an intraparenchymal location, but thrombolysis did not present an additional risk for of ICH (154) .
As for brain hemorrhage, the hemorrhage may require evacuation alongside with the additional antineoplastic treatment (56) . The management of acute ICH in patients with cancer should conform to established guidelines for IPH, SAH, SDH, and EDH and in ITH, steroids could also be used to decrease mass effect from vasogenic edema, while the underlying tumor should further be considered for resection if surgically feasible (42) .
For CVT, in some cases, observation alone may be adequate. Treatment with anticoagulation agents has been shown to be safe and may be beneficial in reducing mortality and long-term morbidity (33) . As regards safety, anticoagulation agents could be administered even in the presence of a hematoma (33, 155) . Mechanical clot thrombectomy has also been proven safe and effective (156) ; fibrinolytic or endovascular therapy may even prove life-saving in critically ill patients (33) . Low-molecular-weight heparins (LMWHs) constitute the current treatment of choice for cancer-associated acute venous thromboembolism (157, 158) , although the evidence to support the superiority of heparin or LMWHs is still insufficient (33) . The addition of aspirin or steroids is not recommended (33) .
The treatment of tumor-related venous occlusion is typically brain radiation or chemotherapy, depending on the tumor type. Venous flow can be restored if therapy effectively treats the underlying tumor, and tumor resection, chemotherapy or radiation may be indicated for some large skull or dural tumors obstructing the sinus (4, 159) .
Concerning leptomeningeal metastases, preferred treatments for select patients encompass irradiation, alongside surgical extirpation and chemotherapy. The radiotherapy is administered to the involved disease sites, while chemotherapy can be intra-CSF and systematic (29) . The prognosis of intravascular lymphomatosis (IVL) is poor (37, 38) ; CNS IVL in particular has a very poor survival rate when compared to non-CNS or skin IVL and the highest postmortem diagnosis rate (38) ; however, IVL is sensitive to systematic chemotherapy (38) .
The current therapy for NBTE focuses on treating the underlying disease while managing the risk for systemic embolization (23, 61) . Anticoagulation is crucial for preventing recurrent embolization and the American College of Chest Physician Guidelines recommend long-term anticoagulation, regardless of the evidence of emboli (61) . Unfractionated heparin decreases the occurrence of thromboembolic events, particularly in patients with malignancy, and consequently, the rates of ischemic stroke, something that cannot be said about warfarin, which is not recommended (23, 61) . Valvular repair or replacement has an indication in patients with severe dysfunction, large vegetations, recurrent embolism and no response to anticoagulation treatment, which should be explored prior to reaching a surgical decision. In any case, the clinician should weigh the benefits and risks, as the surgical mortality rate for these patients is high (61) .
The management of DIC is a complex matter and should be individualized according to the clinical setting (55, 56) . Recent guidance for cancer patients suggests, as a first step, the categorization of DIC into procoagulant, hyperfibrinolytic and subclinical. In general, appropriate management of the underlying malignancy remains key in its treatment. Specifically for DIC, platelet transfusions are recommended for a high risk of bleeding or active bleeding, which may also be further treated with the administration of fresh-frozen plasma, cryoprecipitate or fibrinogen concentrate. For the inhibition of the excess thrombin effects, heparin or LMWHs can be used as prophylactic therapy when no contraindications, such as low platelet count or active bleeding, are present. Subclinical types may also benefit from this prophylaxis, but it is not recommended for hyperfibrinolytic DIC (55) .
The new oral anticoagulants (NOAGs) are nowadays considered an attractive option for coagulation prophylaxis and treatment; thus, discussing the efficiency of NOAGs in a cancer setting is appropriate. In a recent meta-analysis for the use of NOAGs in treating acute venous thromboembolism, NOAGs have been shown to have the same efficacy as Vitamin K antagonists in cancer patients and share many of the advantages of LMWHs, such as the short half-life (157) . Accordingly, the safety of these drugs may also be considered in cancer patients with stroke. Furthermore, anticoagulants (enoxaparin) did not seem to aggravate the risk of ICH in patients with metastatic brain cancer, and did not pose an additional risk to patients with cancers that inherently present a higher risk for ICH, such as melanoma (21) .
In conclusion, the clinician should carefully evaluate the risks and benefits of prescribing an oral anticoagulant to a patient with active malignancy. Further studies on their safety and efficacy on cancer patients are still required (160 administering oral anticoagulants to cancer patients, though it may indeed be a good solution for patients not willing to endure constant injections (161) . However, it must be said, that atrial fibrillation should still be considered over the cancer-induced hypercoagulability in patients with embolic appearing strokes, and, if discovered, anticoagulation should be initiated (26) . Finally, for carotid stenosis following RT, although there is a lack of large-scale studies, available literature to date estimates that revascularization surgery does not present a larger peri-operative risk than in regular angioplasty procedures (56,162).
Prevention
Stroke is a serious condition that majorly impacts the prognosis in every patient, and particularly that of cancer patients. Therefore, measures to prevent it should be seriously considered. Furthermore, protective measures can also be taken in several conditions that are involved in a cancer-associated stroke. Firstly, cancer patients still present the same predisposing factors (high blood pressure, hyperlipidemia, diabetes mellitus, atrial fibrillation, carotid disease, smoking) with the rest of the population, so regulating those first and foremost is crucial (26) . Secondly, cancer is generally accompanied by various complications that derive from the hypercoagulable state it creates. Thus, clinicians may need to administer anticoagulant treatment and the NOAGs are, as previously mentioned, an attractive option; per os consumption facilitates patient compliance and they offer a wide therapeutic window, requiring no laboratory monitoring (160, 161) . However, some concern is raised due to their possible interaction with several chemotherapeutic agents and drugs used for supportive care through the CYP3A4 enzyme and/or P-glycoprotein transporter, and their possibly-impaired absorption in vomiting patients and patients with chemotherapy-induced intestinal mucosal defects (157, 160, 161) . Further caution is advised in cases of renal insufficiency that can occur in cancer patients, as serious and fatal bleeding complications can emerge in that setting (160) . Another considerable drawback remains the lack of efficient measures to promptly reverse their anticoagulant activity in cases of overdose, bleeding, or other urgent indication for reversal (160) .
Young adult pediatric cancer survivors have an increased stroke risk that is associated with cervical RT in a dose-dependent manner (103) , implying that the lower the RT dose is, the lower the stroke risk becomes. Limiting neck radiation, wherever possible, in lymphoma patients, should consequently be considered (94) . Routine duplex ultrasound screening is indicated for patients who had received RT to the head and neck (95) . Fludeoxyglucose ( 18 F) (18-FDG) positron emission tomography (PET)/CT successfully identified patients at risk for future vascular events in an otherwise asymptomatic cohort with neoplastic disease (163) , so it could also be used to pinpoint the patients more prone towards stroke.
Concerning chemotherapy, agents that have anti-estrogenic effects, such as most endocrine therapies for breast cancer, may also increase the risk of CVD. Long-term adjuvant anastrozole treatment may result in significantly fewer thromboembolic cases and CVE when compared to tamoxifen (74) . For chemotherapy-induced thrombocytopenia, which may predispose to hemorrhage, a delay in administration or a dose reduction of the chemotherapeutic drugs is usually the method of choice (54) . With the exception of myeloablative therapy in hematologic malignancies, chemotherapy for non-hematologic ones rarely requires platelet transfusion support (54) . An additional interesting finding to be mentioned is that paclitaxel presented a platelet-sparing effect in ovarian cancer patients that were treated with platinum regimens. In these patients, dose-dense carboplatin regimens were given as to overcome platinum resistance, but it led to high-grade thrombocytopenia (54).
Conclusions
Vigilance for stroke and CVD is always required in patients with cancer. CVD in cancer patients is often aggressive, with a tendency to provoke recurrent events and rapid neurological devastation; therefore, a prompt and accurate diagnosis is crucial. The vascular events in cancer patients can derive from a plethora of mechanisms that differ from non-cancer ones and include, among others, direct tumor effects, hypercoagulability, infections and the effects of the cancer-treatment, chemo-and radiotherapy.
Cancers with the highest incidences of stroke are lung, pancreatic, colorectal, breast and prostate. Though not as frequent but dangerous when it comes to strokes, are renal-cell carcinomas and melanomas, especially concerning hemorrhages.
The diagnosis of stroke and stroke-related situations entails several laboratory and imaging tests, following the clinician's suspicion based on the clinical presentation and patient history. Thus, when it comes to detecting a cancer-associated stroke, it is crucial that suspicion first arises. Cancer-associated ischemic strokes tend to be more multifocal and have consistently been tied to high D-Dimer plasma levels, and various other markers, such as CRP and fibrin degradation products. They are also associated with multifocal lesions in neuroimaging. As new data become available, more clinical tests and criteria for detecting these particular strokes are being developed.
The management of acute ischemic stroke has not been shown to differ largely in cancer and non-cancer patients; cancer should not be considered an absolute contraindication for intravenous thrombolysis. When it comes to prevention, the clinician should weigh the benefits and risks of an anticoagulation treatment plan and proceed with caution in administering it. So far, LMWHs remain the first choice.
In conclusion, cancer-associated stroke should be seriously evaluated. Clinicians should be aware of the risk, and upon development, able to face it efficiently, particularly when it complicates or occurs in the course of a malignancy, as these patients have been shown to have the worst clinical outcomes. also supported by the Special Research Account of University
